Abstract. During recent years, processed used tires such as tire shreds, tire chips, tire bu ngs, and tire crumbs have been applied in order to improve the mechanical properties of soil mixtures. Finding more bene cial ways of using waste tires, this paper assessed the in uence of adding tire crumbs to a clayey soil which was a ected by freeze-thaw cycles. Freeze-thaw cycling is a weathering process which occurs in cold climates during winter and spring and considerably changes the engineering properties of soils. In the present study, a clayey soil was mixed with six di erent percentages of tire crumbs (0, 0.5, 1, 1.5, 2, 2.5) and evaluated by triaxial compression tests under three di erent con ning pressures (30, 60, 90 kPa) after the soil was subjected to 1, 3, 6, and 9 cycles of freeze-thaw. It has been found that for the investigated soil, using 2.5% of tire crumbs decreases the cohesion reduction ratio by about 24% and the resilient modulus reduction ratio by about 6-42% during the cycles. Hence, although the addition of tire crumbs does not considerably a ect the strength reduction of soil during freeze-thaw cycles, it can reduce the changes of cohesion and resilient modulus of the soil, e ectively.
Introduction
By development in industry and growth in population, a great deal of tire wastes are annually produced all around the world. More than 500 million stoked tires are generated across the United States, 45 million in Europe, and 28 million in Canada [1] . In Iran, about 250 thousand tons of used tires are procreated yearly and this amount will increase to 1.4 million tons in 14 years.
Finding bene cial ways of recycling or reusing this huge amount of waste tires is a matter of great concern. Large quantities of used tires can be used in geotechnical and geo-environmental applications in di erent shapes such as crumbs, shreds, bu ngs, cords, chips, and powder. It has been reported that adding tire particles a ect the mechanical properties of soils, signi cantly. Waste tires are used for reinforcing soft soil in road construction [2] [3] [4] , to control ground erosion [5] , for stabilizing slopes [5, 6] , as lightweight material for back lling in retaining structures [2, [7] [8] [9] [10] [11] , as aggregates in leach beds of land lls [12] , as an additive material to asphalt [3, 12, 13] , as sound barriers [14] , as limitation for freezing depth [15] , as a source for creating heat [7] , as a fuel-supplement in coal-red boilers [16] , for vibration isolation [17] , as cushioning foams [16] , and for low strength but ductile concrete [17] [18] [19] . Ghazavi (2004) [20] executed direct shear tests to investigate how shear strength characteristics of sand mixed with various percentages of waste garden hose grains were altered. It was shown that adding the rubber grains up to 15% to the sand can increase the initial friction of the sand friction angle from 37 to 37.6 in more compacted mixtures, while in the loose mixtures, friction angle varies from 31.2 to 35.3 . It was also concluded that addition of 10-20% rubber to the sand is optimal to obtain the greatest friction angle. In 2005, Ghazavi and Sakhi [21] demonstrated the e ect of size of used tire shreds on shear strength parameters of sand reinforced with shredded used tires. They have found that regardless of compaction level and shred contents in the mixtures, for a given width, there is only a certain length that gives the greatest value of friction angle. The absolute greatest value of friction angle about 67 was obtained by using 50% shreds with dimensions of 4.38 cm at unit weight of 16.8 kN/m 3 . Edin cliler et al (2010) [22] added tire crumb to sand and showed that it caused internal friction to increase from 38.7 to 42.6. Kalkan (2007) [18] showed that the cohesion and internal friction angle values increased by addition of tire rubber, polyethylene, and polypropylene ber. The UCS (Uncon ned Compression Strength) values increased with increase in the tire rubber ber contents up to 2% and then decreased. In cold climates, soils are exposed to freeze-thaw cycles, especially on shallow parts. These cycles considerably change the engineering properties of soils. During soil freezing, ice lenses, which tend to form in free spaces between soil aggregates, force them apart and end up the alteration of characteristic structures in micro and macro scales. The e ects of freeze thaw cycles on soil behavior was investigated in numerous studies; in the permafrost regions, these cycles in uence the soil bearing capacity, signi cantly. In Canada, it has been found that the embankment constructed on the soil which has never experienced freeze-thaw cycles will damage in just one year due to the loss of bearing capacity [23] . Therefore, newly constructed highway embankments that are left unpaved for a few years may be subjected to possible damages by freeze-thaw cycles [24] . Qi et al. (2006) [25] reviewed the latest e orts which were done to investigate the in uence of freezethaw cycles on soil properties. They summarized these in uences in two parts: physical properties such as density and hydraulic permeability, and mechanical properties such as ultimate strength, strain-stress behavior, and resilient modulus. As mentioned in this research, loose soils tend to be densi ed and dense soils become looser after freeze-thaw cycles and both loose and dense soils may attain the same void ratio after a number of cycles [26] . By increasing the large pores that are left after the thaw of ice crystals, permeability will increase [27] . These cycles reduce the ultimate strength of soils. All over-consolidated soils exhibit a peak on the triaxial stress-strain curve that is reduced or may even disappear [28] . Resilient modulus is one of the most important factors in pavement design that signi cantly reduces by even a small number of freezethaw cycles [29] . In addition, these cycles decrease the undrained shear strength, considerably, which is an important factor in engineering properties of negrained soils [28] .
All the above-mentioned research works deal with unreinforced soil. Along with many applications for soil improvement, there come several widely varied methods. Taking the in uence of freeze-thaw cycles on soils into consideration, just a few researchers have contemporarily focused on using additives which can control the e ects of these cycles [30] . Yarbesi et al. (2007) [31] stabilized two granular soils by silica fume-lime, y ash-lime, and red mudcement. Their experimental results show that stabilized samples with the mentioned additive mixtures have high freezing-thawing durability as compared to unstabilized samples. These additive mixtures which have also improved the dynamic behavior of the soil samples can be successfully used as an additive material to enhance the freeze-thaw durability of granular soils for road constructions and earthwork applications. Kalkan (2009) [32] used a ne grained soil stabilized by adding silica fume which was generated during silicon metal production. The test results show that the stabilized ne-grained soil exhibits high resistance to the freezing and thawing e ects as compared to natural ne-grained soil samples. The silica fume decreases the e ects of freeze-thaw cycles on uncon ned compressive strength and permeability.
Hazirbaba and Gullu (2010) [33] performed CBR tests to investigate the in uence of freeze-thaw conditions and also non-freeze-thaw conditions on negrained soil samples which were treated with the inclusion of geo ber and synthetic uid in soaked and unsoaked conditions. The results indicate that addition of geo ber together with synthetic uid is generally successful in providing resistance against freeze-thaw weakening. Liu et al. (2010) [34] conducted dynamic triaxial tests on cement and lime-modi ed soils with di erent blend ratios in freeze-thaw cycles. The results show that after repeated freeze-thaw cycles, the modi ed soils exhibit better performance than those before modi cation, the cement-modi ed clay is superior to the lime modi ed clay, and all soil mechanical properties are visibly improved.
Zaimoglu (2010) [35] investigated the e ect of randomly distributed polypropylene bers on strength and durability behavior of a ne-grained soil subjected to freezing-thawing cycles. He also found that the uncon ned compressive strength of specimens subjected to freezing-thawing cycles generally increases with increasing ber content. In addition, the results indicated that the initial sti ness of the stress-strain curves is not a ected signi cantly by the ber reinforcement in the uncon ned compression tests.
Ghazavi and Roustaie (2010) [36] reinforced a kaolinite clay with steel and polypropylene bers and exposed the soil samples to a maximum of 10 closedsystem freeze-thaw cycles. They found that increasing the number of freeze-thaw cycles results in the decrease in uncon ned compressive strength of clay samples by 20-25%. Moreover, the inclusion of ber in clay samples increases the uncon ned compressive strength of soil and decreases the frost heave. Furthermore, the results of the study indicate that addition of 3% polypropylene bers results in the increase in uncon ned compressive strength of the soil before and after applying freezethaw cycles by 60% to 160% and decrease of frost heave by 70%.
Jafari and Esna-ashari (2012) [37] examined the e ects of stabilization and ber reinforcement, simultaneously, on the UCS (uncon ned compression strength) of clayey soil subjected to freeze-thaw cycles. The results indicated that for the stabilized specimens, the reinforcement e ect of ber was more than that for unstabilized ones and also, by inclusion of bers, 4% lime stabilized specimens showed more strength than the untreated and 8% lime stabilized specimens.
Having the e ect of using waste tires on soil characteristics in mind, the present study investigates the in uence of tire crumbs addition on the mechanical behavior of a clayey soil subjected to freeze-thaw cycles. To this end, the strength of a clayey soil reinforced with 0, 0.5, 1, 1.5, 2, and 2.5% of tire crumbs was evaluated through triaxial test with three di erent con ning pressures (30, 60 , and 90 kPa) before and after 0, 1, 3, 6, and 9 freeze-thaw cycles.
Materials
In this study, laboratory tests were carried out on a clayey soil classi ed as CL in the Uni ed Soil Classication System. It is noted that the e ects of freezethaw cycles are more considerable in ne-grain soils than those in sand or gravel [25] . The soil properties are presented in Table 1 , and its grain size distribution is shown in Figure 1 . Standard Proctor Compaction tests were performed on the soil, and a maximum dry mass density of approximately 1.82 gr/cm 3 at Optimum Moisture Content (OMC) of approximately 14.8% was obtained. The specimens were mixed with tire crumbs at six percentages (0%, 0.5%, 1%, 1.5%, 2% and 2.5%) by the weight of dry soil. The tire crumbs are produced as waste materials in repairing factory of used tires with the mentioned characteristics in Table 2 . After Adding the OMC to the mixture of soil and tire crumbs, they have been put in the plastic bags and sealed for 24 h to achieve uniform water content within the soil mass.
Testing procedure
The scope of this investigation is to study the e ects of application of waste tire on the strength changes of highly compressible clay compacted at maximum dry density with the optimum moisture content and subjected to 0-9 freeze-thaw cycles. To evaluate the soil changes in these cycles, three main following steps should be taken for each sample. Su cient amount of extra samples (approximately thirty percent of the whole) were prepared and tested in order to examine the repeatability of test results.
Specimen preparation
All specimens having 50 mm diameter and 100 mm height were prepared with the maximum dry unit weight and optimum water content and were mixed with tire crumbs at six percentages (0%, 0.5%, 1%, 1.5%, 2% and 2.5%) by the weight of dry soil. For sample preparation, initially, tire crumbs were added to dry soil. Then, the necessary OMC was determined and mixed with the soil. Later on, the mixture was put in the plastic bags and sealed for 24 h to achieve uniform water content within the soil mass. The moisture content was then checked before sample compaction. Due to the elastic behavior of tire crumbs, sample compaction was not possible by kneading or tamping each soil layer. Thereupon, the specimens were compacted by the static uniform load of 450 kg. The amount of the load was determined experimentally to achieve maximum dry mass density and so, by increasing the amount of tire crumbs, the amount of load would have increased consequently.
After removal of each sample from the mold, it was immediately covered with a plastic layer to protect its moisture content.
Freeze-thaw cycles
To prepare the samples for the closed system freezing and thawing cycles, specimens were placed in a digital refrigerator at 20 C for 6 h and then at +20 C for thawing phase for 6 h. These temperatures had been previously used in some research works [25] . Six hours is a proportional period after which the alteration of specimens' height would become constant. This means that the height increase in freeze phase and the height decrease in thaw phase stop. The cycles were continued up to 9 cycles. This number of cycles was chosen since most soil strength reduction would occur in primary cycles, and after 5-10 cycles, a new equilibrium condition would become predominant on samples [30, 36] .
Strength testing
Strength parameters of soil were measured in Unconsolidated Undrained (UU) triaxial compression tests after 0, 1, 3, 6, and 9 cycles keeping the strain rate constant at 1 mm per minute throughout the testing program in accordance with ASTM D2850-03a [38] .
To simulate the real conditions of freeze and thaw cycles which occur practically on shallow depths of soil, three di erent con ning pressures of 30, 60, and 90 kPa were selected for triaxial tests [30, 6] . The results have been shown through stress-strain response of samples and changes of resilient modulus.
Resilient modulus is a fundamental material property used to characterize unbound pavement materials. It is a measure of material sti ness and provides a mean to analyze sti ness of materials under di erent circumstances, such as moisture content, density, and stress level. It is also a required input parameter for mechanistic-empirical pavement design method.
The resilient modulus is de ned as a ratio of the deviator stress increment at 1% axial strain to the axial strain increment, which can be expressed by:
where is the increment of deviator stress, " is the increment of axial strain, 1:0% is the deviator stress corresponding to the axial strain of 1.0% (" 1:0% ), and 0 and " 0 are the initial stress and strain, respectively [39] . Lee et al. (1995) [40] investigated the resilient properties of cohesive soils and found that cohesive soils with resilient moduli lower than 55 kPa would exhibit negligible freeze-thaw e ects. In contrast, soils with resilient moduli higher than 103 kPa would exhibit a decrease by over 50% in this parameter due to freezethaw.
Wang et al. (2007) [39] also reported that magnitude of the resilient modulus decreases by 18-27% of that of unfrozen soil depending on the con ning pressure in triaxial compression tests.
Results
In order to nd out the detailed e ects of using tire in clay samples during the freeze-thaw cycles, triaxial compression tests have been conducted on unfrozen and thawed tire-clay mixtures with six di erent tire percentages (0, 0.5, 1, 1.5, 2, 2.5) under three di erent con ning pressures (30, 60, 90 kPa) after the soil was subjected to 1, 3, 6, and 9 cycles of freeze-thaw.
The variations of stress-strain response of samples are named NC-0T for pure samples under N freezethaw cycles and NC-XT for reinforced samples with X% of polypropylene bers subjected to N freeze-thaw cycles.
4.1. E ect of using tire on mechanical behavior of clay before freeze-thaw cycles UU triaxial test was used in order to measure the strength of soil according to the methodology described in ASTM D2850-03a and to investigate the changes of soil mechanical features after freeze-thaw cycles. But in the beginning, it is recommended to explore the changes in clay properties according to tire crumbs addition prior to any cycles. Figure 2 shows the stressstrain curves of pure samples and clay-tire mixtures before freeze thaw cycles in three di erent con ning pressures. This gure indicates that adding tire crumbs to clayey soil has negligible e ect on increasing the strength of soil. The strength of clayey soil considerably depends on cohesion. Since the cohesion between tire and soil particles is insigni cant, adding the tire crumbs to clayey soil may destroy the cohesion between clayey particles. Figure 2 also shows that by increasing the conning pressure, the e ect of tire is more visible. This fact is also obvious from Figure 3 in which the failure strength of soil samples is indicated by considering the peak of stress-strain curves as failure strength. Since con ning pressure is a factor that increases the interaction between soil and tire particles, adding tire crumbs is more e ective in high con ning pressures which occurs in deeper parts of ground. According to these gures, in comparison with the pure samples, the ultimate strength of tire-clay mixtures at 1 and 2% tire contents under con ning pressure of 90 kPa increased from 0.779 to 0.796 and 0.842 MPa, respectively. It can be concluded that inclusion of 0.5-2% tire crumbs in clayey soil results in increasing the failure strength to about 2.5-8%.
It can also be seen that as the tire particles are used in crumb shapes, they have no tension operation; so, by increasing the amount of tire particles, the behavior of clayey soil tends to vary from strainhardening type to strain-softening type.
As previously mentioned, cohesion is one of the most important characteristics of soil which consider- ably a ects the strength of cohesive soils such as clay. The in uence of the adding tire crumbs on cohesion of clay samples is illustrated in Figure 4 . In this gure, C c is the cohesion of tire-clay mixtures and C 0 is the cohesion of pure clayey samples. As seen, the soil cohesion decreases by about 60% by adding tire crumbs. This phenomenon is a result of scanty cohesion between bers and soil particles. So, the cohesion reduction can be visible by increasing the tire content in the soil.
E ect of freeze-thaw cycles
The strength features of pure samples and clay-tire mixtures were measured in UU triaxial compression tests after 0, 1, 3, 6, and 9 cycles. The results are described in the following sections.
Failure strength
The e ect of adding tire crumbs on increasing the ultimate strength of clayey soil is not the aim of this study, but the changes in behaviors of pure soil and tireclay mixtures during the freeze thaw cycles are more noteworthy and should be investigated. Figure 5 shows the triaxial strength ratio of pure samples and claytire mixtures versus the number of freeze-thaw cycles for various con ning pressures. The ratio is de ned as the strength of a pure sample or clay-tire mixture at a given cycle divided by that of the same sample which is not subjected to freeze-thaw cycles. The strength values are denoted by S c and S 0 , respectively. Figure 5 indicates the four following facts:
1. By increasing the number of freeze-thaw cycles, the strength of both pure samples and clay-tire mixtures decreases. Separation of clay aggregates which is caused by ice lenses, made up of soil pure water at temperatures just below 0 C, disrupts the interlocking and cohesion of soil grains and decreases strength. The strength reductions for pure and mixed soils subjected to freeze-thaw cycles have also been observed in previous studies [28, 30, 36 ]; 2. By increasing the con ning pressure, the strength reduction decreases. Therefore, freeze-thaw cycles are more destructive on surface of the ground which is in contact with structure foundations or road pavement. Soil particle rearrangement which is caused by higher con ning pressure will close the cracks and ssures produced by freeze-thaw process and enhances soil strength [39] ; 3. Strength reduction of clay-tire mixtures, especially in the rst three cycles, is minor in comparison with pure samples. As it is observed in previous studies that the rst cycles have the greatest in uence on soil strength, tire crumbs are appropriate additives for reducing these changes; 4. As a whole, the strength reduction ratio of soil samples decreases by about 8% during 9 cycles just by adding tire crumbs. This fact can be investigated in detail by discovering the changes in shear strength parameters of soil during the cycles, which will be presented in the following sections.
Resilient modulus
The resilient modulus of pure and mixed samples subjected to each freeze-thaw cycle can be calculated by Eq. (1), as shown in Figure 6 . The resilient modulus values are soil samples after and before the cycles are denoted by Ec and E0, respectively. The gure shows that by increasing the number of cycles, the resilient moduli of both pure and mixed samples decrease. This gure also indicates that the decrease magnitude of resilient modulus for pure samples is more obvious in rst cycles, but in tire-clay mixtures, especially under con ning pressure of 90 kPa, the reduction amount of resilient modulus will obviously decrease.
When the number of freeze-thaw cycles exceeds seven, the resilient modulus will reach a certain value and remains constant upon applying further freezethaw cycles. This phenomenon shows a new equilibrium condition which becomes predominant in the clayey soil after 6-7 cycles as most of the changes occur between the 1st to the 7th cycles [25, 36] .
The minimum amounts of resilient modulus reduction under con ning pressure of 90 kPa are shown in Table 3 . These numbers demonstrate that by adding 0.5-2% of tire crumbs to clayey soil, the resilient modulus reduction will decrease by about 6-42%.
Cohesion
Cohesion is an important factor for evaluating the shear strength of ne-grained soils. This parameter re ects the synthesis action of all kinds of physicalchemical forces between particles, such as Coulomb force, Vander Waals forces and the ions of adjacent particles, bonding action, and so on.
In order to investigate the e ect of freeze-thaw action on the shear strength the clayey soil, which is chosen in this study, the e ect of freeze-thaw cycle on cohesive force will be observed. The in uence of the number of freeze-thaw cycles on the cohesion of pure and mixed samples is illustrated in Figure 7 . The cohesion values are soil samples after and before the cycles denoted by C c and C 0 , respectively. As seen, the soil cohesion decreases with increasing the number of freeze-thaw cycles, although there are some points in which the soil cohesion increases. Drawing the trend lines of cohesion curves in Figure 8 , it is obvious that cohesion reduction of pure samples during freeze-thaw cycles is more than tire-clay mixtures. Furthermore, the cohesion reduction trend of pure samples continues up to the 9th cycle; however, the changes in the cohesion parameter of tire-clay mixture are more in the rst three cycles and less in the 6th and 9th. Adding 2.5% of tire crumbs to clayey soil decreases the cohesion reduction ratio by about 24%. In addition, the trends of tire-clay mixtures could show a new equilibrium condition that would become predominant in samples after the 6th cycle.
The magnitude of cohesion is frequently in uenced by the space between particles and bonding force caused by bonding material [39] . Cohesion reduction suggests that voids between clay particles may increase due to the formation of ice lenses thus increasing the volume. By adding the tire crumbs to soil samples, a section of tire-clay mixtures in microscopic scale can be considered as shown in Figure 9 . At temperatures just below 0 C, pore water transforms into ice and the volume of ice lenses increases up to 9 times, applying a considerable stress on soil aggregates, making them to move. So, the spaces between soil particles increase and these increased spaces remain even after thawing, resulting in cohesion reduction. In tire-clay mixtures, some parts of these stresses are applied on tire crumbs, and because the tire crumbs have elastic characteristics, the stresses will be absorbed by them. After thawing, the absorbed stresses will be released, so the tire particles will move to their initial positions. In fact, the soil particles which are surrounded by tire crumbs may move less than the others. As a result, cohesion reduction during the cycles in tire-clay mixture will be less than that in the pure samples.
Conclusion
Laboratory tests and experimental investigations were conducted to probe the potential use of a lightweight waste material, such as tire-crumbs, to reduce the changes of a clayey soil during freeze-thaw cycles. The results are as follow:
The strength of clayey soil is fully dependent on cohesion. Since the cohesion between tire crumbs and clay particles is scant, addition of tire crumbs to clayey soil has negligible e ect on the increase of cohesion in soil. Strength reduction of clayey samples due to increasing the tire crumbs percentages is observed during this investigation, particularly in low con ning pressures; In consequence of insigni cant cohesion between tire crumbs and clay particles, the cohesion reduction can be visible by increasing the tire content in the soil. Con ning pressure is a factor that increases the interaction between soil and tire particles. So, adding tire crumbs is more e ective in high con ning pressures. Expectedly, inclusion of 0.5-2% tire crumbs in clayey soil results in increase in the failure strength by about 2.5-8%; By adding tire crumbs, the behavior of clayey soil tends to vary from strain-hardening to strainsoftening type; By increasing the number of freeze-thaw cycles, the strength of both pure samples and clay-tire mixtures decreases; Freeze-thaw cycles are more destructive on the surface of the ground which is in contact with structure foundations or road pavement, since by increasing the con ning pressure, the strength reduction decreases; Strength reduction of clay-tire mixtures, especially in the rst three cycles, is minor in comparison with pure samples. Also, strength reduction ratio of soil samples decreases by about 8% during 9 cycles just by adding tire crumbs; By increasing the number of cycles, the resilient moduli of both pure and mixed samples decrease. The decrease magnitude of resilient modulus for pure samples is more obvious in the rst cycles. However, in tire-clay mixtures, especially under con ning pressure of 90 kPa, the reduction amount of resilient modulus obviously declines. Addition of 0.5-2% tire crumbs to clayey soil reduces the resilient modulus reduction by about 6-42%; Tire particles absorb the stresses due to the increase in volume of ice crystals; hence, cohesion reduction during the cycles in tire-clay mixture will be less than that in the pure samples. Adding 2.5% of tire crumbs to clayey soil reduces the cohesion reduction ratio by about 24% during the cycles.
Findings of this study show that addition of tire crumbs is e ective in reducing the in uences of freezethaw cycles exclusively in high con ning pressures and in the rst cycles. In addition, the optimum percentage of tire is between 1-2% as in this range, the changes in mechanical features of soil decrease during freeze-thaw cycles.
Based on the above-mentioned statements, it is recommended to use 1-2% of tire crumbs in cold climates where soil is exposed to less freeze-thaw cycles. These additives should be used in deeper parts of soil where the con ning pressure is at least 90 kPa (about 5 meters). As a result, the maintenance costs of soil structures or pavements during cold months will fall. published more than 200 research papers in journals and conferences. His research interests mainly include foundation engineering and ground improvement. He has already supervised about 60 graduate students, including PhD students.
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